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This work shows the application of metal ion-implantation to realize an efficient second-generation
TiO2 photocatalyst. High fluence Fe
þ ions were implanted into thin TiO2 films and subsequently
annealed up to 550 C. The ion-implantation process modified the TiO2 pure film, locally lowering
its band-gap energy from 3.2 eV to 1.6–1.9 eV, making the material sensitive to visible light. The
measured optical band-gap of 1.6–1.9 eV was associated with the presence of effective energy lev-
els in the energy band structure of the titanium dioxide, due to implantation-induced defects. An
accurate structural characterization was performed by Rutherford backscattering spectrometry,
transmission electron microscopy, Raman spectroscopy, X-ray diffraction, and UV/VIS spectros-
copy. The synthesized materials revealed a remarkable photocatalytic efficiency in the degradation
of organic compounds in water under visible light irradiation, without the help of any thermal treat-
ments. The photocatalytic activity has been correlated with the amount of defects induced by the
ion-implantation process, clarifying the operative physical mechanism. These results can be fruit-
fully applied for environmental applications of TiO2. VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4901208]
I. INTRODUCTION
Since the discovery of the photocatalytic splitting of
water on a TiO2 electrode under ultraviolet (UV) light,
1
semiconductor-based photocatalysis has attracted extensive
interest. This work triggered the development of semicon-
ductor photocatalysis for a wide range of environmental and
energy applications. In particular, the semiconductor photo-
catalytic process has shown great potential also in water pu-
rification.2–4 Titanium dioxide, commonly called titania, has
proven to be the most promising material due to its many
unique properties: non-toxicity, good chemical stability,
strong mechanical properties, and low cost. In addition, it is
an excellent photocatalyst in the degradation of organic pol-
lutants and in killing microorganisms in water.5–10
The basic principle of photocatalysis can be summarized
as follows. Upon absorption of photons with energy equal to
or higher than the band-gap of the TiO2, electrons are excited
from the valence band to the conduction band, creating sev-
eral electron-hole pairs. These charge carriers can migrate to
the surface, induce redox reactions in water, and eventually
decompose the pollutants adsorbed on the TiO2 surface into
innocuous substances.2 Titania exists in two main crystallo-
graphic forms: anatase and rutile with band-gaps of 3.15 eV
and 3.05 eV, respectively,11 thus requiring UV irradiation in
order to be activated.
One of the factors that limit the application of TiO2 as
an efficient photocatalyst is its wide band-gap and the result-
ing poor absorption of light in the visible (VIS) region. The
development of photocatalysts that can operate under visible
light will allow the use of the main part of the solar spectrum
and even the poor illumination of interior-lighting. One use-
ful approach has been to dope TiO2. Asahi et al. reported
that TiO2 doping with nitrogen, by sputtering, shifts the opti-
cal absorption of the material to the visible range and
improves its reactivity for organic molecules under VIS light
illumination.12 One year later, Khan et al. chemically synthe-
sized, by flame pyrolysis of a Ti sheet, TiO2-xCx with a lower
band-gap than titania (2.32 versus 3.00 eV).13 Doping with
transition metals has been also studied.3,8,14–16 Metal ion-
implantation has been reported as an effective method to
improve the visible light response of TiO2.
3,17–19 In the ion-
implantation process,20 commonly used in the microelec-
tronic industry, the titania is bombarded with metal ions.
Although metal ion-implanted TiO2 (commonly called
“second-generation photocatalyst”) is currently believed to
be the most effective photocatalyst for solar energy utiliza-
tion, the operative mechanism together with the photocata-
lytic performance of the material is not yet clear (see Ref. 3,
p. 24). For example, Yamashita et al. studied Fe-doped bulk
TiO2 realized by ion-implantation or the sol-gel method.
17
They observed in the case of the chemical doping by sol-gel
only a small shift of the absorption band to the visible light
regions, in contrast with the larger shift observed for doping
with the ion-implantation method. X-ray absorption fine
structure analysis suggested that the substitution of Ti atoms
in the TiO2 lattice with implanted metal ions is important in
modifying the TiO2 for the absorption of VIS light.
17 Anpo
et al. investigated Cr ion-implanted TiO2 and observed a
shift of the absorption band towards the visible light
region.18 They attributed the VIS shift to a modification of
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the electronic properties of bulk TiO2 by the implanted metal
ions.18 The authors also excluded a mechanism in which the
ion-implanted metals act as electron-hole recombination cen-
ters.18 In addition, to our knowledge, a complete characteri-
zation that links UV-VIS absorption, photocatalytic activity,
and structural properties of Feþ ion-implanted TiO2 thin
films has not been reported yet.
Thus, the aim of this experimental research was to
investigate the effect of Feþ implantation into TiO2 thin
films (100 nm in thickness) in terms of damage induced by
the ion-implantation process into the polycrystalline matrix,
optical properties of the synthesised materials, and its photo-
catalytic activity in the degradation of organic compounds in
water under UV or VIS light irradiation. The main objective
was to understand the operative physical mechanism and the
potential of the system for effective water treatment. Thin
films were used in view of the possible applications. Indeed:
(1) the use of thin films, instead of bulk materials, is impor-
tant with the aim of reducing the cost of application; (2) the
adequate immobilization of the photocatalyst is relevant in
order to suppress expensive filtration or centrifugation proc-
esses after the water purification process.
II. EXPERIMENTAL
Titanium layers, 100 nm thick, were deposited on
quartz substrates by sputtering at room temperature. Then, the
Ti layers were annealed at 600 C for 30 min in a conventional
furnace under a controlled O2 flux, in order to induce the com-
plete oxidation of the titanium layer in TiO2.
21 The samples
were implanted with Feþ ions at 80 keV. The energy was cho-
sen,22 such that the iron implanted profile was fully contained
within the TiO2 layers (Fe projected range  40 nm). The
implanted fluences were 2 1016cm2 (also called through
the paper high fluence) or 5 1015cm2 (also called through
the paper low fluence), so as to produce an iron doping of 5%
and 1% by atomic weight. The fluences were fixed as the
existing literature suggests that a high concentration of metals
is necessary in order to realize a second-generation photocata-
lyst.3,17–19 During implantation, the average current density
was 0.1 lA/cm2, and the substrates were held at room tem-
perature. Afterwards, some samples were annealed at 450 or
550 C for 2 h in an Ar atmosphere, so as to reduce the dam-
age induced by the ion-implantation process.
The composition and the thickness of the films were
investigated by Rutherford Backscattering Spectrometry
(RBS), with a 3.5 MeV HVEE Singletron accelerator, using
a 2 MeV Heþ beam with 165 scattering angle.
The crystallographic morphology was investigated by
transmission electron microscopy (TEM) in a cross sectioned
sample, by using a JEOL JEM-2010 F microscope operated
at 200 keV.
The structure of the films was studied by Raman scatter-
ing with an XploRA Horiba Jobin-Yvon spectrometer using
the 532 nm laser line as excitation, and by X-Ray Diffraction
(XRD) analyses with a Bruker D-500 diffractometer at sev-
eral angles of incidence, from 0.8 to 1.0, and H-2H from
20 to 60. The XRD spectra were analyzed by a Bruker soft-
ware suite, including the ICSD structure database.
The electrical characterization was carried out by means
of a four-point probe, with the samples patterned according
to the Van der Pauw geometry (square-shaped 1 cm 1 cm).
The resistivity measurements were affected by a maximum
error of about 5%.
The UV-VIS optical characterization was obtained by
extracting both the normal transmittance (T) and the 20 re-
flectance (R) spectra in the 200–800 nm wavelength range,
by using a Varian Cary 500 double beam scanning UV/VIS/
NIR spectrophotometer.
The photocatalytic activity of the investigated materials
was evaluated by the degradation of the methylene blue
(MB) organic compound, complying with the ISO proto-
col.23 The samples, 0.7 cm 0.7 cm in size, were immersed
in a solution (2 ml) containing MB and de-ionized water
(starting concentration: 1.5 105 M). The mixture was irra-
diated by an UV lamp (350–400 nm wavelength range) with
a power of 8 W, or by a VIS lamp (420–470 nm wavelength
range) with a power of 12 W, for a total time of 3 h and a
half. A filter able to remove the wavelengths lower than
420 nm was used for the measurements in the visible range.
This allowed the contribution of the anatase and rutile band-
gaps to be excluded, predicting evidence for the role of the
ion-implantation process on the formation of a new effective
band-gap. Both the UV and VIS lamps used for the irradia-
tion do not emit in the region of absorption of the MB. As a
consequence, the measured degradation of the MB can be
only ascribed to the presence of the photocatalysts. Every 30
min of irradiation the solutions were measured with a UV-
VIS spectrophotometer (Perkin-Elmer Lambda 35) in a
wavelength range between 500 and 800 nm. The degradation
of MB was evaluated by the absorbance of the MB peak at
664 nm, according to the Lambert-Beer law (A¼ E lC,
where A is the absorbance of the solution at 664 nm, E is the
extinction molar coefficient, l is the height of the solution,
and C is the concentration of the MB).24 The decomposition
of the MB in the absence of any photocatalyst materials was
also checked as a reference. Before the measurements, the
samples were irradiated by the UV lamp for 30 min in order
to remove the hydrocarbons localized on the sample
surface.25
III. RESULTS AND DISCUSSION
The thickness (100 nm) and the chemical composition
of the TiO2 films obtained after the oxidation process of the
sputtered Ti film were verified by RBS (not shown).
Figure 1 reports the cross-sectional TEM analysis of the
TiO2 sample implanted with the high fluence. Figure 1(a)
reports a bright field TEM image showing the quartz substrate
covered with an uniform titania layer. The presence of a top
most layer of epoxy glue is necessary for cross-sectional TEM
sample preparation. Figure 1(b) shows a dark field image of
the same region of Fig. 1(a); bright contrast patches highlight
both the shape and size of the TiO2 crystal domains. From the
analysis of the dark field images on the TiO2 film, an average
grain size of 30 nm resulted. The same polycrystalline struc-
ture was obtained for the samples implanted with the low flu-
ence, as revealed by the TEM analyses. Therefore, the
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ion-implantation process was not able to amorphize the titania
layer, even in the case of the high fluence.
Figure 2(a) reports (with squares) the RBS spectrum of
the TiO2 film implanted with the Fe ions at a fluence of
2 1016 cm2. The continuous line indicates the simulation
of the spectrum obtained by the XRUMP code.26 No change
in the relative TiO2 stoichiometry of the film at the implanta-
tion depth was observed, in agreement with the literature
data.27 At the projected range of the implanted Feþ ions, the
film composition resulted to be Ti 0.9 O 1.8 Fe 0.1, so the
relative TiO2 stoichiometry is maintained even if the concen-
tration of Fe is close to 10% of Ti. Figure 2(b) shows a detail
of the Ti and Fe signals in the RBS spectra of the film just
after the ion-implantation and after the thermal process at
550 C. The Fe atoms clearly diffused during annealing, as
indicated by the shift of the iron peak towards the surface.
Based on a Gaussian simulation of the Fe profile (lines in
Fig. 2(b)) after annealing (XRUMP26) there would appear to
be no significant loss of Fe.
The Raman spectra for the TiO2 film, as-implanted
(with the low fluence) and after the thermal treatment at
450 C, are reported in Fig. 3. The strongest Raman lines at
144, 518, and 638 cm1 can be assigned as Eg, A1g, and Eg
modes of the anatase phase,28 respectively (so they are
marked by “A” in the figure). We also found two weak peaks
near 450 and 610 cm1 that correspond to Eg and A1g modes
of the rutile phase,28 respectively (so they are marked by “R”
in the figure). The peaks marked by an asterisk come from
the quartz substrate, as demonstrated by recording a spec-
trum from the back side of the samples.
In Fig. 4, a magnification of the Raman spectra is
reported (in the frequency range of 500–750 cm1), for the
FIG. 1. Cross-sectional TEM images of the TiO2 film implanted with Fe
(2 1016 cm2 at 80 keV). (a) Bright field image showing a continuous poly-
crystalline TiO2 film. (b) Dark field image of the same portion of figure (a);
here, the bright contrast regions indicate the presence of different crystal
domains due to the polycrystalline nature of the TiO2 layer.
FIG. 2. 2 MeV 4Heþ RBS spectra of TiO2 films on a quartz substrate implanted with 80 keV Fe at 2 1016 cm2: as implanted sample (a), detail of RBS Ti
and Fe signals (b) for the as-implanted (squares) and the annealed at 550 C (circles) samples. Surface signals of Fe, Ti, O, and Si (from the quartz substrate)
are indicated by the vertical red lines. Continuous lines are XRUMP fits to the RBS spectra obtained with a TiO2 100 nm thick film and Fe Gaussian implant
profiles with a total fluence of 2 1016 cm2.
FIG. 3. Raman spectra for the pure TiO2 film (continuous line),
as-implanted with 80 keV Fe at 5 1015 cm2 (dashed line) and after the
thermal treatment at 450 C (dotted line). “A” indicates modes relative to
the anatase phase, “R” modes relative to the rutile phase, while “*” indicates
modes related to the quartz substrate.
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TiO2 film (a), as-implanted with 80 keV Fe, 5 1015 cm2
(b), and after the thermal treatment at 450 C (c). The experi-
mental spectra were fitted by using two or three Lorentzian
functions. Before fitting, a monotonous background, mainly
due to a highly disordered phase signal, has been extracted.
The presence of the rutile mode near 612 cm1 is clearly evi-
denced in the non-implanted and annealed spectra. The simi-
larity between the spectra of these two samples (namely the
same full width at half maximum of the peaks) is consistent
with the damage recovery upon annealing. As a matter of fact,
the Raman modes are broadened in the non-annealed sample
because of the disorder-induced shortening of the phonon cor-
relation length. One notes also that the implantation process
induces a blue shift of the highest frequency mode, which is
not suppressed by the annealing process. Since disorder
effects cannot be invoked here, this may be indicative of the
Fe insertion into the TiO2 matrix, possibly as a result of lattice
strain. However, no signature of Fe-O bonding is observed
and one may argue that the implantation of Feþ ions generates
more likely structural defects (vacancies, interstitials, precipi-
tates) than substitutional Fe.29 Despite high levels of damage
even after annealing, this conclusion is largely supported by
the channeling RBS data (reported below in Fig. 6), which
shows no Fe substitutionality.
The XRD patterns of the starting TiO2 film, as-
implanted and after the thermal treatments are reported in
Fig. 5(a) for the iron fluence of 2 1016 cm2, and in
Fig. 5(b) for the iron fluence of 5 1015 cm2. The XRD
analyses only detected the presence of the anatase and rutile
crystalline phases. No peaks related to the Fe2O3 or FexTiOy
phases were found in the XRD patterns. Un-implanted films
were found to crystallize at 600 C into anatase and rutile
phases. The ion-implantation induced a reduction of the
XRD peak intensities, which increases with the fluence. The
observed decrease in the intensity can be correlated to a
damaging process, typical of ion-implantation.20 The thermal
treatments induced, as expected, a damage recovery that was
complete for the low fluence but only partially for the high
fluence. In addition, the annealing at 550 C promoted the re-
covery of the rutile phase.30
In order to improve the investigation of the damage
induced by the ion-implantation process on the titania, we
performed an Feþ implant (2 1016 cm2 at 80 keV) in a ru-
tile single-crystal (001)-oriented TiO2, in order to carry out
RBS analyses in the channeling configuration (c-RBS). In
Fig. 6, the h001i channeling spectra of some selected TiO2
samples are reported. The RBS spectra of the virgin TiO2 in
the random (line plus closed circles) and in channeling con-
figuration (line plus open circles) are shown for a compari-
son. The as-implanted sample (dotted line) shows a highly
damaged region next to the surface. Annealing at 450 and
550 C produced a change in the lattice damage, as can be
FIG. 4. Magnification of the Raman spectra for the TiO2 film (a), as-
implanted with 80 keV Fe at 5 1015 cm2 (b), and after the thermal treat-
ment at 450 C (c): data in black continuous lines. In red lines are reported
the fit of the spectra with two or three Lorentzian functions.
FIG. 5. XRD patterns of the pure TiO2 film, as-implanted and after the ther-
mal treatments for the Feþ fluence of 2 1016 cm2 (a) or 5 1015 cm2 (b)
at 80 keV.
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inferred by the spectra reported in Fig. 6. By comparing
these latter spectra (continuous and dashed lines) with the
as-implanted one (dotted line), it can be concluded that the
defectiveness induced by the ion implantation with the high
fluence was only partially recovered by the thermal treat-
ments. In detail, two defective regions can be clearly distin-
guished: one peaked at 1430 keV (next to the surface),
another one at 1350 keV (deeper in the crystal, probably
next to the end-of-range of the implant), neither of them
amorphous. These results are in good agreement with the
XRD patterns shown in Fig. 5(a). The RBS signals located at
1500 keV are due to the presence of the Fe. In particular,
the displacement of the iron peak towards high energy values
with annealing is probably due to diffusion/segregation phe-
nomena of the Fe atoms towards the surface, even if no loss
of Fe was detected, up to 550 C. Moreover, Fe signal was
the same in both random (not shown) and channeling config-
urations, indicating that Fe atoms are not substitutional in
the TiO2 lattice.
The resistivity of the films implanted with 2 1016 cm2
or 5 1015 cm2 was measured to be 0.4 and 12 X cm,
respectively. These values are typical of semiconductor
materials. It is worth noting that it was not possible to mea-
sure both pure TiO2 films and the annealed films, because
they are excessively resistive. This latter result, along with
the decrease of the resistivity with the implanted fluence, can
be associated with the defects introduced into the polycrys-
talline lattice by the ion implantation, which increase the
density of the charge carriers.
Figure 7 reports the absorbance for the pure TiO2 film, an
as-implanted sample and a sample after the thermal treatments,
for the iron fluence of 2 1016cm2 (a) or 5 1015cm2 (b).
The absorbance (A) was obtained from the transmittance (T)
and reflectance (R) spectra: A%¼ 100 – T% – R%. The refer-
ence sample (i.e., the pure TiO2 film) shows the typical optical
absorption in the UV part of the spectrum, for wavelengths
shorter than 387 nm (line plus closed circles in Fig. 7). In
addition, the iron-implanted films show a remarkable absorp-
tion in the VIS part of the spectrum, in the form of a shoulder
peak. In detail, the as-implanted samples exhibit an absorbance
of 28% and 12% for the high and low fluences, respec-
tively, indicating a correlation between the ion fluence and the
absorbance of the materials in the VIS. With annealing, the
observed trend, for both the fluences, is a decrease of the
absorption band in the VIS (see continuous and dashed lines in
Fig. 7).
Although doped-TiO2 has attracted remarkable interest
in the recent years, there is not yet a clear explanation for the
mechanism responsible for the VIS response (see the
Introduction section). The results presented here suggest that
ion implantation causes a beneficial damage effect in the
TiO2 film (see the XRD and RBS measurements reported in
Figs. 5 and 6, respectively), in good agreement with the liter-
ature data (see, for example, Refs. 27 and 29) We suggest
that this damage can induce energy levels in the TiO2 energy
band structure, which are responsible for the observed ability
of the implanted films to absorb VIS light (see optical meas-
urements reported in Fig. 7). In particular, for higher damage
we observe higher VIS absorbance (compare results in Figs.
5 and 6 and Fig. 7). We wish to underline that, differently
from the results of Yamashita et al.,17 our study on damage
indicates that implanted metal ions do not substitute Ti in the
TiO2 matrix, but occupy interstitial positions in the lattice. In
addition, our optical measurements indicate the formation of
a new absorption band in the VIS part of the spectrum, which
is also different from the shift of the absorption band of the
doped titania towards the visible light region observed by
Yamashita et al. and Anpo et al.17,18
FIG. 7. Absorbance spectra of the pure TiO2 film, as-implanted and after the
thermal treatments for an Feþ fluence of 2 1016 cm2 (a) or 5 1015 cm2
(b) at 80 keV.
FIG. 6. Channeling RBS spectra for the TiO2 single crystal after Fe
þ im-
plantation, 2 1016 cm2 at 80 keV (dotted line), and after subsequent
annealing at 450 C (continuous line) and at 550 C (dashed line). RBS spec-
tra of a virgin TiO2 sample in both random (line plus closed circles) and
channeling configurations (line plus open circles) are shown for comparison.
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Optical spectra were analysed by the Tauc model, which
describes the light absorption process in amorphous semi-
conductors.31 For indirect transitions (that is the case of
TiO2), the Tauc law can be written as follows:
32
a ¼ B
h
h  Egð Þ2; (1)
where B is the Tauc constant,33 h is the incoming photon
energy, Eg is the optical band-gap of the sample, a is the
absorption coefficient that is extracted from the transmit-
tance (T) and reflectance (R) measurements performed on
each sample by using the following equation:
a ¼ 1
d
ln
TQ 1 RSð Þ
TS
; (2)
where d is the thickness of the film, the subscripts Q and S
refer to the quartz and the sample, respectively. Another con-
dition of the Tauc law is that a is higher than 1 104 cm1.31
Thus, by plotting (a h)1/2 versus h (the so-called Tauc
plot) and fitting with a straight line, Eg can be extracted as its
intercept with the abscissa axis. The Tauc plot of the pure
TiO2 film (not shown) gave an energy gap of 3.3 eV.
Assuming an error of 10% in the determination of the
band-gap, the value of 3.3 eV is in good agreement with the
values reported in the literature for bulk anatase and rutile
TiO2.
11 Figure 8 reports the Tauc plot of the TiO2 film
implanted with an iron fluence of 2 1016 cm2 and
annealed at 450 C. The fits (dotted lines in Fig. 8) reveal the
presence of two optical band-gaps: one at 3.2 eV, that can be
correlated to the titania, and another one at 1.9 eV, which
can be correlated to the energy levels introduced in the mate-
rial by the ion implantation damage. Thus, we locally
obtained an effective second band-gap (at 1.9 eV), confined
to the most damaged area of the film. It was not possible to
apply the Tauc model to the TiO2 film implanted with the
iron fluence of 5 1015 cm2 and annealed at 450 C,
because a is lower than 1 104 cm1.31 As a consequence,
in order to compare the low and high fluence samples, we
estimated the band-gap by simply considering the threshold
wavelength in the VIS. The results of this exercise gave a
value of 1.8 eV for the film with the low fluence (1% of iron)
and 1.6 eV for the film with the high fluence (5% of iron),
both annealed at 450 C. Given the errors associated with the
estimation method this latter value is consistent with the
value of 1.9 eV determined above by the Tauc law. It is
worth to note that these experimentally obtained effective
energy gap values are among the lowest ever reported in the
literature.
In order to check the photocatalytic activity of the
implanted films in the degradation of organic compounds
under UV and VIS irradiation, we performed MB degrada-
tion measurements in water by using two different lamps.
According to the Langmuir-Hinshelwood model, the photo-
mineralization reaction rate, k, of water contaminants is
given by the following reaction:
ln
C
C0
 
¼ kt; (3)
where C is the concentration of organic species, C0 is the ini-
tial concentration of organic species, and t is the time.2 We
report in Fig. 9 the mineralization rate of the MB, normal-
ized to the value obtained for the MB decomposition in the
absence of any catalyst materials, for the different samples,
both under UV and VIS light irradiation. On the abscissa
axis, MB indicates the MB decomposition in the absence of
catalyst that is always 1 due to the normalization done (i.e.,
k/kMB); TiO2 refers to the MB decomposition in the presence
of a pure TiO2 film; as-implanted indicates the MB decom-
position in the presence of Feþ-implanted TiO2 films; etc.
Under UV irradiation (Figs. 9(a) and 9(c)), the better
response in terms of photodegradation of MB was displayed
by the pure TiO2 films. The photocatalytic efficiency
decreased considerably in the case of iron implanted TiO2,
suggesting that the defects induced by the ion implantation
work as electron-hole recombination centers, which is differ-
ent from what was reported by Anpo et al.18 Under VIS irra-
diation, the situation reversed. In particular, the samples
implanted with the high fluence (Fig. 9(b)) show no photoca-
talytic activity just after the implantation process, but an
improvement of 20% and 30% was obtained with the thermal
treatments at 450 and 550 C. These results can be inter-
preted as follows: the ion-implantation causes a remarkable
optical absorption in the VIS range due to the introduction of
defects responsible for the formation of energy levels inside
the band-gap of the implanted titania. As a consequence, a
significant amount of electron-hole couples are formed due
to the VIS light irradiation. On the other hand, these energy
levels can behave as active sites for the recombination of
electron-hole photo-generated couples, decreasing in this
way the photocatalytic performance of the material. Thus,
our results suggest that ion implantation with a fluence of
2 1016 cm2 is, on one hand, responsible for the reactivity
of the material to the VIS light (see Fig. 7(a)), but, on the
other hand, the defects induced by the ion implantation cause
strong electron-hole recombination, compromising the pho-
tocatalytic activity of the as-implanted films. However, with
the reduction of defects by annealing (see Fig. 5(a)), an
increased photocatalytic activity is observed with VIS light.
FIG. 8. Tauc plot for the TiO2 film implanted with Fe
þ 2 1016 cm2 at
80 keV and annealed at 450 C (continuous line), together with the linear fit
(dotted line).
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The films implanted with the low fluence (Fig. 9(d))
show a more dramatic increase in photocatalytic activity
under the VIS irradiation, prior to annealing: an increase of
80% with respect to the pure TiO2 film. After annealing at
450 C, such an increase is 50%, while it disappears after
annealing at 550 C. Following the same reasoning as
reported above, the results for the low fluence suggest that
the ion implantation introduces defects into the material,
which are responsible for VIS light absorption (see Fig.
7(b)), but now the amount of defects is not as high as to neg-
atively affect the efficiency of the mineralization process
(through electron-hole recombination). With increasing of
the annealing temperature, the efficiency decreases because
of the low level of defects: at 550 C, the defect level is low
(see Fig. 5(b)) and no energy levels are present inside the
band-gap. As a consequence, the implanted films cannot give
a photocatalytic response in the VIS (see Fig. 7(b)).
Our experimental results clearly demonstrate that a
small effective band-gap (1.6–1.9 eV) can be achieved by
Feþ irradiation of TiO2 films, and a marked increase in pho-
tocatalytic efficiency can be obtained under VIS light irradia-
tion. Particular attention should be paid to the process, which
relies on implantation-induced defects to form energy levels
inside the band-gap of the material, but it is crucial to keep
their amount below a certain limit, as they act as recombina-
tion centres for electrons and holes. We demonstrated that
the implantation of a 100 nm thick TiO2 film with Fe
þ at
5 1015 cm2, 80 keV induces an absorbance of 12% for
VIS light (see Fig. 7(b)), with an effective band-gap lower-
ing from 3.2 to 1.6–1.9 eV, and a photocatalytic efficiency
under the VIS light irradiation that is 80% higher than pure
TiO2 films (see Fig. 9(d)), without the help of any additional
thermal treatments.
IV. CONCLUSIONS
In conclusion, we presented a detailed experimental
study of the effect of Feþ ion-implantation (2 1016 or
5 1015 cm2 at 80 keV) on thin TiO2 pure films (100 nm
thick), eventually annealed up to 550 C, so as to realize an
efficient second-generation photocatalyst. The reported
results confirmed that ion implantation is able to modify
TiO2 pure films, lowering its band-gap energy to around
1.6–1.9 eV, so as to absorb visible light. The measured band-
gap was associated with the presence of energy levels inside
the energy band structure of the titania, due to implantation-
induced defects in the films. The synthesized materials also
revealed a marked increase in the photomineralization effi-
ciency under VIS light irradiation (80% higher than the one
obtained for pure TiO2 films), without the help of any addi-
tional thermal treatments. We demonstrated that the photoca-
talytic activity in the degradation of organic compounds
strongly depends on the amount of defects induced by the
ion-implantation process.
FIG. 9. Photocatalytic rate of MB, normalized to the value obtained for MB in the absence of the photocatalyst, for different Feþ implanted films:
2 1016 cm2 (a) and (b), 5 1015 cm2 (c) and (d), both under UV and VIS light irradiation.
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The present research can be considered as an important
breakthrough in the utilization of solar light, addressing
urgent environmental concerns. In particular, the synthesized
materials can be efficiently used for water purification, but
can also find applications for the production of hydrogen
fuel by water splitting.
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